Abstract Traumatic brain injury (TBI) treatment is now focused on the prevention of primary injury and reduction of secondary injury. However, no single effective treatment is available as yet for the mitigation of traumatic brain damage in humans. Both chemical and environmental stresses applied before injury have been shown to induce consequent protection against post-TBI neuronal death. This concept termed "preconditioning" is achieved by exposure to different pre-injury stressors to achieve the induction of "tolerance" to the effect of the TBI. However, the precise mechanisms underlying this "tolerance" phenomenon are not fully understood in TBI, and therefore even less information is available about possible indications in clinical TBI patients. In this review, we will summarize TBI pathophysiology, and discuss existing animal studies demonstrating the efficacy of preconditioning in diffuse and focal type of TBI. We will also review other non-TBI preconditioning studies, including ischemic, environmental, and chemical preconditioning, which maybe relevant to TBI. To date, no clinical studies exist in this field, and we speculate on possible future clinical situations, in which pre-TBI preconditioning could be considered.
Introduction
A wealth of basic and clinical research exists regarding the treatment of severe traumatic brain injury (TBI). However, despite much research effort, the prognosis for severe TBI patients remains poor [1] . In the USA, an estimated 1.4 million people still suffer a TBI each year [2] . About 50,000 people die before they reach the hospital, and at least 5.3 million live with severe disabilities related to TBI [3, 4] . Worldwide, TBI is recognized as the leading cause of mortality and morbidity in young adults [5] . Globally, thus TBI stands out as a major worldwide health and socioeconomic problem [6, 7] .
The most important factor which determinates the prognosis of TBI patients is the severity of the "primary" brain injury. Additional delayed "secondary" brain damage is set in progress, and continues from the time of traumatic impact in TBI patients, and the two combine to determine outcome. Primary brain injury itself is mostly not amenable to treatment; consequently, the strategy of primary TBI treatment should be prevention, such as use of helmets and vehicle modification, etc. Preconditioning strategies offer the theoretical possibility of increasing "resilience" to primary TBI, and also reduction of delayed secondary damage.
The concept of preconditioning has been gaining interest in the field of treatment for both neuronal and cardiac disorders. The term "preconditioning" was first introduced by Janoff in 1964 to describe a noxious stimulus below the threshold of cell injury which results in subsequent protection [8] . Ischemic preconditioning (IPC), also known as "induced tolerance", refers to the ability of a brief and sublethal ischemic episode, followed by a period of reperfusion, to increase the organ's resistance to injury following a subsequent ischemic insult [9, 10] . The quote from Friedrich Nietzche, "What which does not kill me makes me stronger" describes the essence of preconditioning.
Initially investigated for cardiac protection, the preconditioning concept has now been extended to several other organs. Current literature in the neurological arena focuses predominately on preconditioning for stroke, but new attractive areas of research are traumatic brain injury, especially subjects involved in violent activities or sports and high-risk elective neurosurgical patients, such as aneurysm reconstructions.
Literature identifies two windows of preconditioning. Immediate preconditioning occurs rapidly (within 1 h after the preconditioning stimulus); it is characterized by potent, but transient changes in cellular enzyme activity, secondary messengers and ion channels. Delayed preconditioning, in contrast, develops slowly, is long-lasting, and involves new gene expression and de novo protein synthesis [11, 12] .
Several different types of preconditioning have been described: cross (when the preconditioning stimulus is different from the subsequent noxious stimulus), remote (when preconditioning of one organ then produce protection in a different remote organ), immunological (when activation of a signaling cascade is achieved by pharmacological or immunological compounds), mimetic (when preconditioning is promoted by a compound which mimics the pathways to be blocked), and effector (when the downstream mediators are actually used to prevent an anticipated harmful cellular event) [13] .
Many stimuli, such as sublethal ischemia, hypoxia, pharmacological agents, hypothermia, biological agents, anesthetics, seizure, and essentially anything that causes cellular stress, can promote a preconditioning response in the brain. The challenge is whether or not these preconditioning stimuli can then result in effective neuroprotective strategies for clinical use, in the TBI setting. In the field of TBI, preconditioning investigations have been very limited, so far, although results from preconditioning studies in other brain injury areas, e.g., ischemia, have been very promising.
Brain injury pathomechanisms are possibly amenable to preconditioning. The brain injured is heterogeneous, both for pathology and severity of brain injury, and multiple preexisting comorbidities may coexist in the TBI patient (e.g., ischemic heart disease). Thus, the complexity of TBI pathophysiology (as illustrated in Fig. 1 ) provides a strong rationale for the use of combination therapies, not only for neuroprotective strategies, but also in the setting of preconditioning, acting at different levels of the secondary injury cascade. It should also be remembered that the number of preconditioning stimuli, the types of preconditioning, as well as the elapsed time between preconditioning and the test insult may affect results [10] . Below, we summarize TBI pathophysiology and discuss the efficacy of preconditioning for each type of TBI (Fig. 1) .
Pathomechanisms in TBI Amenable to Preconditioning -Diffuse and Focal TBI
There have been many studies on the pathomechanical classification of TBI [14] [15] [16] [17] . TBI can be divided into two components, primary and secondary brain injury Fig. 1 Schematic representation of the effect of preconditioning in traumatic brain injury (TBI). In the upper part of the illustration, the main pathomechanisms responsible for the injurious cascade after TBI are represented, which can result in different kind of brain damage and adversely affect neurologic outcome. In the lower part of the figure, preconditioning strategies applied before TBI, acting alone or in combination, result in the phenomenon of preconditioning, which may reduce the extent of subsequent brain damage and result in improved neurologic outcome Primary brain injury that occurs at the moment of impact is characterized by diffuse axonal injury (DAI), contusions, and disruption of cranial nerves and vessels. Secondary brain injury will not be as severe immediately after the time of impact; however, it will usually worsen after a primary brain injury in severe TBI with coma. Secondary damage includes mechanisms, such as neuroinflammation, glutamatergic excitotoxicity, oxidative stress, DNA damage, and neuronal cell death by apoptosis and necrosis.
Both primary and secondary brain injury can be further classified according to focal or diffuse mechanisms, although focal and diffuse pathological process are often intermingled, making it difficult to divide into focal, diffuse, primary, and secondary categories, it is useful to consider them separately for the purpose of understanding pathophysiology.
Diffuse Axonal Injury
The best example of diffuse injury is DAI. DAI was first described by Strich [18] as a clinical, pathological syndrome in patients who were unconscious from the time of trauma, with microscopic traumatic axonal damage involving many large white matter tracts, and without intraparenchymal lesions [19] . In DAI, traumatic lesions most commonly affect white matter in areas, such as brain stem, corpus callosum, basal ganglia, thalamus, and the cerebral hemispheres.
DAI is now recognized to typically involve a more progressive response involving a transient, traumatically induced disruption of the axonal membrane over 24-48 h in humans, primarily caused by uncontrolled calcium influx [20] at ion channels near the nodes of Ranvier of axons (Fig. 2) [21] .
The cytoskeletal components of axons include three main proteins: microtubules, neurofilaments, and microfilaments. After suffering traumatic brain injury, calcium-related activation of the calpain system results in proteolysis of the cytoskeletal structure and may play an integral role in delayed neuronal degeneration-calpain-mediated spectrin proteolysis [22] . In axonal distortion injury, within minutes there is malalignment and distortion of the cytoskeletal components [23] , which leads to loss of microtubules and increased spacing of neurofilaments, especially at the node of Ranvier. These mechanisms induce a subsequent failure of axoplasmic transportation, pooling of intra-axonal contents, and disconnection of the axon from its distal part. This disconnection occurs over 24 to 72 h after the traumatic impact and is termed delayed or secondary axotomy. The primary impact thus causes axonotomy by secondary biochemical processes, and this phenomenon makes the so called "retraction ball", the characteristic signature of DAI on microscopy (see also Fig. 2 ). These delayed pathophysiologic processes suggest that DAI might be also characterized as a secondary brain injury.
At the molecular level, trauma inducing calcium influx initiates calpain activation [24] [25] [26] [27] and mitochondrial injury/swelling [28] with cytochrome c release and caspase activation (Fig. 3 ) [29] . This worsens axonal injury, and may also cause neuronal death by apoptosis [30] .
The glutamatergic system is also an important factor for the development of early necrosis-mediated damage in TBI. This system mainly induces uncontrollable excitotoxicity with the increase of the influx of Ca 2+ through N-methyl-D-aspartate (NMDA) receptors [31] . Blocking of excitotoxicity using NMDA receptors antagonists has been included as a neuroprotective strategy in many human and animal studies [32] .
Preconditioning for Diffuse Brain Injury
In some experimental studies, diffuse injury animal models were used to test the effect of preconditioning Fig. 2 Microscopic characteristics in DAI. a Schematic illustration which shows the fate of the axon subjected to focal cytoskeletal perturbation [21] . At the site of injury (A) traumatically induced neurofilamentous misalignment detectable after a brief period of survival and depicted in this enlargement (B) results in focal impairment of axonal transport. The subsequent accumulation of organelles results in formation of a reactive axonal swelling, its continued expansion, and its eventual disconnection (C) from the distal segment of the axon, often by 6 h. b Microscopic image of retraction balls (silver stain ×800). This is the most representative, microscopic feature of DAI in TBI. A recent experimental study showed that preconditioning with subtoxic NMDA administration was able to protect against novel recognition memory impairment and increase cellular survival in the hippocampus of mice in a closed-head weightdrop model [33] , which is universally used for mimicking diffuse injury [34] . They concluded that a sublethal dose of NMDA might modulate the downstream effect of calpain activation [35] . Furthermore, these authors advocated that the pre-activation of NMDA receptors with NMDA administration inhibited neuronal excitability and reduced the influx of Ca 2+ at the time of TBI [36] . The effect of heat stress preconditioning in DAI has also been examined. In 1994, Shohami et al. demonstrated that when DAI was induced in heat preconditioned rats, they displayed faster and better functional recovery as well as reduced secondary tissue damage [37] . Heat stress preconditioned rats also showed significantly better motor function 48 h following injury as compared with normothermic controls [37] . Additionally, brain edema and blood-brain barrier disruption were reduced in the acclimated group. These findings were subsequently reinforced in mice, demonstrating significantly better motor function 24-h postinjury accompanied with a reduction in brain water accumulation [38] .
In 2008, Su et al. also clarified that heat stress preconditioning had a potential for attenuation of cognitive impairment in the rat model of DAI which was generated by the impactacceleration method [39] . Moreover, they concluded this effect of heat stress preconditioning might be mediated by the neuroprotective effect of heat shock protein (HSP) 70, which was induced after heat stress and protects cytoskeletal proteins from enzymolytic degradation by caspases [39] .
Recent studies have also shown the efficacy of preconditioning with hyperbaric oxygen (HBO). Hu et al. investigated the effect of HBO preconditioning on the weight drop TBI model of DAI. They concluded HBO preconditioning could attenuate TBI in rats, with improvement of cerebral blood flow and brain tissue oxygenation also [40] .
Pathophysiology of Focal Brain Injury
Focal brain injuries are usually generated by tissue strains at sites of contact of the brain against the cranial coverings, particularly the more confining ridges of the anterior and middle cranial fossa against the anterior and inferior surfaces of the frontal and temporal lobes. This type of injury very frequently occurs in combination with diffuse brain injury, when the rapidly decelerating brain is displaced within the skull. overload induces cell swelling, plasma membrane swelling, necrosis, and apoptosis and leads to the activation of destructive enzymes [112] Focal Cortical Contusion-a Universal Type of Focal Brain Injury
Focal cortical contusion is usually caused by shearing forces which injure the blood vessels (arteries, veins, and large capillaries) and other structures of the parenchyma (neural cells and glial cells). Contusions often progress within hours to days with evolving events related to the interplay of hemorrhage, vasogenic edema, and ischemic necrosis. In the first 24 h, contused brain tissue biopsies show an inflammatory response, which is predominantly intravascular and consists of vascular margination of polymorphonuclear leukocytes. Extravascular polymorphonuclear leukocytes can be demonstrated in injured brain tissue only a few minutes after TBI. Within 3-5 days, the inflammation is also present in parenchyma and consists of reactive microglia, monocyte-macrophages, polymorphonuclear cells, CD8, and CD4 T-cells [41] generating further neuronal swelling, by complement activation, and other mechanisms. Inflammatory cells also produce free radicals and cytokines, such as tumor necrosis factor α (TNF-α) and interleukin-1β (IL-1β), a mediator of blood-brain barrier injury that leads to brain swelling and induces DNA fragmentation in oligodendrocytes [42] and neurons. Several reports have also provided evidence that, in addition to necrosis, apoptosis also occurs with human cerebral contusions [30, 43] . Focal contusions are also associated with increased metabolic activity in the surrounding tissues. In a rat fluid percussion model study, increase in glucose metabolism occurs immediately after TBI, and is maximally localized to regions of the brain that are maximally deformed by the impact of injury [44] . One study suggested that anaerobic glycolysis occurred as a result of both increased ionic pumping, and excessive glutamate release [45] . These series of reactions exhaust glucose in the extracellular space.
Furthermore, focal cerebral contusion also generates surrounding "ischemic injury". Histologically, a cerebral contusion has a characteristic necrotic core and a peri-lesional penumbral zone, in which the neurons demonstrate "ischemic changes" such as pyknosis, and vacuolation. In addition, any insult below the threshold to induce necrosis may progress to apoptosis [46] . Therefore, "preconditioning therapy" might be directed towards anti-apoptotic strategies for mild to moderate ischemic damage and anti-necrotic strategies for more severe and prolonged ischemic insults. Blockade of apoptosis may reverse the harmful effects, seen in the peri-lesional area, after contusion TBI.
Preconditioning for Cerebral Contusion
Previous rat studies have applied the concept of preconditioning to a focal cerebral contusion model.
In 1999, the group of Perez-Pinzon and Dietrich described the efficacy of ischemic preconditioning in a moderate fluid percussion brain injury rat model, which generated a focal contusion [9] . They compared CA3 necrotic cell counts and contusion volumes between with and without preconditioning groups. They clarified that ischemic preconditioning applied 48 h before fluid percussion brain injury reduced necrotic cell counts and contusion volumes when compared to the control group [9] . They suggested that ischemia is also implicated in the pathophysiology of some types of TBI which includes focal cortical contusion; therefore, ischemic preconditioning also might be effective in this type of patient.
More recently, Longhi et al. reported the long-lasting neuroprotection by endotoxin preconditioning in a controlled cortical impact brain injury rat model [47] . As preconditioning, a sublethal dose of lipopolysaccharide (LPS) was administrated, and then focal cortical impact brain injury was induced in mice. Mice receiving LPS before TBI showed attenuated motor deficits at 1 week after injury. LPS preconditioning reduced the expression of CD68 and increased IL-6 in injured mice. With these results, the authors concluded that LPS preconditioning might be associated with a modulation of inflammatory responses like microglia/macrophage activity and cytokine production, for example [47] .
Subdural Hematoma as the Ischemic/Reperfusional Injury
The reported mortality of subdural hematoma is from 30 to 90 % and worse outcome has been correlated with pathological findings of ischemic brain damage in the hemisphere underlying the hematoma. One of the important causes of ischemia is raised intracranial pressure (ICP), which produces hemispheric cerebral hypoperfusion. Raising ICP reduces cerebral blood flow, especially under the subdural. Removal of the subdural hematoma may thus cause immediate recovery from the global cerebral hypoperfusion, and consequently preventing further ischemic injury. However, sudden reperfusion may also lead to secondary injury after abrupt reduction of a mass lesion [48] [49] [50] . Thus, removal of subdural hematoma may be associated with ischemic/reperfusion (I/R) injury which in turn can be reduced by pretreatments, such as hypothermia or free radical scavengers [51] .
As mentioned above, recovery from ischemia may induce an I/R injury. The processes leading to cellular damage after I/R injury are complex and multi-factorial [52] (Fig. 4) . At this point the pathology of I/R injury has been separated into two distinct mechanisms. One is the cell death following cellular dysfunction, i.e., excitotoxcity, acidotoxicity, and ionic imbalance. This first process is seen primarily, very early in the ischemic phase. A second type of early I/R injury comes from free radical production, and this becomes particularly disastrous during the reperfusion phase [53] . Together these mechanisms create a complicated picture of injury.
In the early ischemic phase, brain ischemia initiates a cascade of destructive and often irreversible processes that destroy brain cells and tissue. One example of this is the intracellular conversion to anaerobic metabolism due to mitochondrial failure [54] . Depletion of adenosine triphosphate (ATP) in the absence of oxidative metabolism leads to failure of the Na + /K + ATPase pump (See Fig. 3 ). This causes depolarization of the cell membrane leading to activation of voltage-gated calcium channels and an influx of intracellular calcium [55] . Moreover, with the anaerobic metabolism induced, intracellular and extracellular acidosis worsens the calcium influx. This rapid increase in intracellular calcium causes release of large amounts of the excitatory neurotransmitter glutamate, which further stimulates calcium influx in post-synaptic cells-a "viscous cycle" [56] . Calcium entry triggers activation of phospholipase, nitric oxide synthase, proteases, endonucleases, and oxidase enzymes [57] . These activated molecules can easily damage other cell proteins and lipid membranes causing necrosis [58] . These processes have been shown to be present within minutes to hours after the injury and probably peak at between 4-6 h [55, 59] . Recent studies have also demonstrated the production of superoxide radicals by NMDA receptor-mediated nicotinamide adenine dinucleotide phosphate oxidase activation [60] . Such events amplify reactive oxygen species (ROS) production, mitochondrial dysfunction, and proapoptotic protein activation. Intracellular calcium accumulation itself also triggers initiation of mitochondrial dysfunction and fragmentation leading to activation of proapoptotic proteins such as the caspases and cytochrome C [61] .
Reperfusion of this ischemic tissue results in a short period of excessive free radical production [62] . Experimental measurements in this reperfusion phase demonstrate that oxygen-and carbon-centered free radicals peak within 5 min of reperfusion [63] and that hydroxyl generation peaks within 15 min [64] . This oxidative stress can damage proteins, lipids, and DNA, possibly leading to necrosis and apoptosis [65, 66] . Oxidants also modulate neuroinflammation [59] leading to increased levels of neuronal apoptosis in adjacent cells [67] [68] [69] .
Preconditioning for Ischemic/Reperfusion Injury
Exercise preconditioning has been shown to provide endogenous neuroprotection, preserving neuronal viability in the setting of ischemia/reperfusion injury, and resulting in decreased infarct volume and improved neurologic recovery [70] [71] [72] [73] .
From these previous studies, endogenous neuroprotection induced by exercise preconditioning has been shown to take place through multiple mechanisms, including upregulation of neurotrophin expression, strengthening of the blood-brain barrier, enhancing the cerebral capillary and arterial networks, decreasing inflammation and apoptosis, and improving cerebral metabolism.
Exercise preconditioning also decreases the inflammatory response and leukocyte invasion following ischemia/reperfusion injury, thus decreasing much of the secondary damage seen following the reperfusion stage [74] . Interestingly, "exercise preconditioning" is a universal requirement, for professional contact sports (e.g., NFL football, boxing) and before military combat.
Therapeutic hypothermia also has been shown in previous studies to improve histopathological and behavioral consequences of TBI using many experimental models [75] [76] [77] [78] [79] [80] [81] , and different delivery paradigms. Hypothermia also has been researched as a preconditioning procedure in ischemic/reperfusion TBI models. The treatment/prevention effect of hypothermia has been reported for several biochemical points in the I/R cascade (Fig. 4) .
Our group showed the efficacy of early-induced hypothermia as a preconditioning strategy against reperfusion injury after surgical decompression in acute subdural hematoma (ASDH). We induced ASDH with autologous blood injection into the rat subdural space, and hypothermia (33°C) was induced 30 min before decompressive craniotomy (DC) in an early hypothermia treatment group. Intercellular ubiquitin carboxyl-terminal hydrolase-L1 (UCH-L1) and glial fibrillary acidic protein (GFAP) were measured with the microdialysis (MD) technique to determine the amount of neuronal and glial damage and the effect of hypothermic preconditioning before surgical decompression was compared to late-induced hypothermia which was induced 30 min after DC as a conventional treatment method. In the normothermia (37°C) and lateinduced hypothermia groups, neuronal and glial reperfusional damage were seen to be severe in the post decompressive phase. On the other hand, pre-reperfusional hypothermic preconditioning mitigated the reperfusional neural and glial damage in the early hypothermia group (Fig. 5) .
In cerebral and cardiac ischemia, many preconditioning paradigms has been studied and their efficacy has been discussed [82] [83] [84] [85] [86] . Unfortunately, as compared to cerebral/cardiac ischemia, there are fewer preconditioning studies in TBI. Also, there are still no clinical trials. However, some parts of the pathophysiology after TBI overlap with the pathophysiology of ischemic disease. Indeed, several types of preconditioning mitigate progressive neuronal damage in I/R TBI. These areas of overlap warrant further research in TBI.
New Studies and Future Directions in Preconditioning Methodology for TBI

NMDA Preconditioning
It is well known that excitatory neurotransmission, through the excessive activation of the N-methyl-D-aspartate receptors, plays a critical role among mechanisms of brain damage, after TBI, and in addition, glutamate, the main excitatory amino acid in the mammalian central nervous system is markedly elevated in the extracellular fluid after TBI. Glutaminergic excitoxicity is responsible of both necrotic and apoptotic death, following primary and secondary injury. Preconditioning with low dose of NMDA has thus been proposed as a neuroprotective strategy in TBI. Recent studies [87] in experimental models of diffuse TBI reported a protective effect of sublethal doses of NMDA in improving motor behavioral deficits in mice, thus supporting the idea that mechanisms of neural death can be limited by NMDA preconditioning, by low level activation of the glutaminergic system through a low dose of NMDA. Furthermore, in another study aiming at investigating cellular viability, memory and other behavioral parameters in an experimental model of mild TBI, it was reported that NMDA preconditioning could protect against neuronal damage in the hippocampus [33] . Furthermore, it was observed that the NMDA did not cause damage per se and protected against both cellular damage and against memory deficits in a novel objective recognition task [33] .
It is interesting to note that previous studies on models of brain ischemia demonstrated that IPC promoted a shift from excitatory to inhibitory neurotransmission [88] , and this leads to speculation that gamma-aminobutyric acid (GABA) could play a role in promoting ischemic tolerance. To clarify this, further, an analysis of glutamate and GABA concentration by microdialysis was performed. The study Fig. 4 Schematic illustrating the mechanisms of ischemic/ reperfusional (I/R) injury and the effects of therapeutic hypothermia. The pathology of I/R injury is approximately separated as two mechanisms, that is, the cell death after cellular dysfunction in ischemic phase, and the free radical production in reperfusion phase. The boxed arrow with entered "Hypothermia" means the estimated effective points in I/R cascade (illustration from [53] ) Fig. 5 Efficacy of hypothermic preconditioning for reperfusional injury in the decompressive craniotomy ASDH rat model. Ubiquitin carboxylterminal hydrolase-L1 (UCH-L1) and GFAP concentrations in microdialysate. In early phase of reperfusion UCH-L1 MD concentration in normothermia group was highest and significantly higher than sham rat group (*p<0.01). Also, UCH-L1 MD in early hypothermia group was significantly lower than normothermia group (#p<0.01). GFAP concentration in normothermia was highest and peaked in the late phase of reperfusion (**p<0.05 vs sham). Early-hypo early hypothermia group, Late-hypo late hypothermia group, Normo normothermia group revealed that extracellular glutamate concentration was 61 % lower in the ischemic preconditioning group compared with the ischemia group during the first 10 min of reperfusion [88] . Furthermore, in the experiment evaluating if GABA release was increased in the IPC group, a robust significant increase in the extracellular GABA levels was observed in the preconditioned animals (3,112 % compared with the sham group and 510 % compared with the ischemia group). The results of this study suggests that besides glutamate, higher GABA levels after ischemia contribute to lower excitotoxicity in preconditioned animals, and a shift between excitatory and inhibitory neurotransmission may play a critical role in the mechanism of protection by ischemic preconditioning [88] .
The role of GABA synapses as a therapeutic target is also suggested by the extensive literature to support the use of antiepileptic drugs targeting postsynaptic GABA receptors. The role of functional modification of GABA synapses and of activation of the ε isoform of protein kinase C (εPKC) in the mechanism of ischemic preconditioning has been recently addressed. In an in vitro study using the technique of miniature postsynaptic current analysis (mPSC) to evaluate neuroprotective changes in GABA synapse function after preconditioning, a significant increase in the number of synapses or release sites was documented, and a significant increase in the amplitude of GABA A mPSCs was seen [89] . Furthermore, inhibition of εPKC abolished the changes in GABA synapses, suggesting that the impact of ischemic preconditioning on GABA synapses depended on downstream effectors and targets of the εPKC signaling pathway [89] .
A possible role for glucagon in the protective preconditioning response by impeding the accumulation of glutamate has been recently addressed [90] . Authors proposed that glucagon may be of value in providing neuroprotection when administered after TBI or prior to certain neurosurgical or cardiac interventions in which the incidence of perioperative ischemia is high [90] .
Heat Stress Preconditioning
Among physical means of preconditioning, heat stress and exercise are very attractive in the field of neurotrauma. This is especially relevant for the possible clinical implication in specific populations at risk of TBI, such as soldiers and sport combatants, (boxers, fighters, and NFL football) or people involved in any high-risk physical activities.
It has been observed that neurons subjected to heat stress produce heat shock proteins and that once these are produced, neurons can be resistant to different stressors. The high inducible HSP70 is particularly important in the central nervous system. In a study investigating the effect of heat stress preconditioning on learning and memory performances in a model of diffuse axonal injury, HSDAI rats (rats subjected to heat stress preconditioning 24 h before induction of DAI) demonstrated superior spatial learning compared to the DAI alone group [39] . Furthermore, it was observed that memory retention was altered by DAI, protected by heat stress preconditioning and not affected by heat stress alone [39] . In the cerebral cortex and in the hippocampus, there were less axonal retraction balls in the HSDAI rats compared to the DAI group. Preconditioned animals also presented higher expression of HSP70. The results of this study demonstrated that heat stress preconditioning was able to protect against secondary impairment of cognitive function induced after DAI, together with reduced histopathological damage [39] .
Previous animal models of closed head injury had demonstrated a role for the transcriptional activator hypoxiainducible factor 1 (HIF-1), regulating the expression of tens of target genes, in the mechanism of heat acclimation (HA) [38] . Erythropoietin gene is one of the genes regulated by HIF-1. At 4 h after injury, a significant higher level of nuclear HIF-1 and higher levels of EpoR in HA mice were observed as compared with controls and this was related to better clinical recovery, suggesting evidence for neuroprotection [38] .
Other experimental observations after TBI also further confirm the ability of HA to reduce the activation of apoptotic pathways in mice [91] . The expression levels of Bad and Bcl-xL, key proteins in the intrinsic apoptosis pathway, were measured, as well as caspase-3 activity. To express the balance between the antiapoptotic Bcl-xL and proapoptotic Bad within the mitochondria, its ratio was calculated, which was higher in HA mice, suggesting the presence of a balance favoring antiapoptosis after heat acclimation [91] . Caspase-3 enzyme activity in normothermic animals was twofold higher than in HA mice. The above results favor attenuation of postinjury cell death, by heat acclimation which affects factors associated with the intrinsic pathways of apoptosis induction, with an effect sustained for up to 8 days after injury [91] .
Lipopolysaccharide Preconditioning
Neuroinflammation plays a main role in the pathomechanisms of secondary brain damage, after TBI. It acts via activation of cytokine and complement cascades [92] , contributing to development of brain edema and apoptotic cell death. Secondary hypoxic insult, which may occur after the injury, may also upregulate production of inflammatory mediators such as IL-6, IL-1β, and TNFα in an experimental model of diffuse axonal injury [93] .
Studies with experimental models of ischemia suggest that toll-like receptors are involved in the enhancement of cell damage following ischemia, and cerebral preconditioning downregulates pro-inflammatory TLR signaling, so this could reduce the inflammation which exacerbates ischemic brain injury [94] .
Targeting TLR signaling may be a novel therapeutic strategy for cerebral ischemic injury and other inflammatory diseases, and stimulation of some TLRs prior to ischemia can provide neuroprotection by inducing a state of tolerance to subsequent ischemic injury [94] . Suppression of the normal inflammatory responses to ischemia is a hallmark of the lipopolysaccharide preconditioned brain.
If these concepts can be translated to TBI research, it is evident that preconditioning, acting through a modulation of inflammatory response, can be effective in promoting neuroprotection. In particular, the possibility of modulating microglia/macrophage responses to TBI, by mean of endotoxin preconditioning, has been recently investigated in a model of controlled cortical impact brain injury [47] . It was demonstrated that mice receiving LPS at different times before TBI had a significantly better performance and a significantly smaller contusion volume, when compared to the injured animals. Interestingly, when analyzing mRNA expression of genes known to be modulated by acute brain injury, it was observed that LPS attenuated the posttraumatic increase in CD11b and CD68, and increased that of IL-6, when compared with saline. Preconditioning effects were robust and persisted for up to 1 month after injury [47] . The possible role of TNFα in this effect need to be investigated in future studies.
Based on the above results, induction of immunologic tolerance, or preconditioning through cytokine administration, could play a role, modulating inflammatory cascades following TBI, and could be proposed for populations at risk for brain injury, such as contact sports, soldiers, or high-risk neurosurgical procedures, such as aneurysm reconstruction.
Mitochondrial Preconditioning
Since dysfunctional mitochondria are implicated in acute and chronic neurodegeneration, it is now increasingly recognized that mitochondrial targeted preconditioning may represent a promising therapeutic weapon against neurodegeneration [ [10] [11] [12] 95] .
It has recently been proposed that transient exposure of mitochondria to physiopathological intracellular events, or pharmacological agents, determines mitochondrial changes which can protect neurons against adverse subsequent critical events [11] . Mitochondrial respiratory chain, reactive oxygen species, mitochondrial ATP-sensitive potassium channels (mitoK ATP ), and mitochondrial permeability transition pore (mPTP) are all both targets and mediators of mitochondria-mediated preconditioning [11] .
Increasing evidence to support the involvement of mitochondrial ROS and mitoK ATP channels in the neuroprotective mechanisms triggered by preconditioning is building.
This suggests a fundamental role of mitochondria in the preconditioning phenomenon. While it is well recognized that exaggerated mitochondrial ROS production is associated with mitochondrial dysfunction, neurodegeneration, and death, it is increasingly observed that a slight rise of mitochondrial ROS levels can induce brain tolerance by preconditioning [11] [12] [13] . Ravati et al. [96] demonstrated that preconditioning by moderate ROS stimulation protects cultured neurons against different damaging agents and prevents against subsequent massive oxygen radical formation.
It has also been shown that preconditioning can be prevented with the pharmacological inhibition of mitoK ATP channels and can be activated by mitoK ATP agonists. ROS may directly activate mitoK ATP channels [97] . Activation of mitoK ATP channels with pharmacological agents thus probably mimics the protective effects mediated by preconditioning and, by limiting Ca 2+ overload, prevents mPTP induction. Diazoxide, a selective mitoK ATP channel opener, has been proposed as a potent inducer of preconditioning-mediated protection due to the combined effects of mitochondrial membrane depolarization and enhanced ROS production [98] .
A key signaling pathway in the protection of brain mitochondria in preconditioning is protein kinase C. Among all PKC isozymes, in particular, the PKC isozyme epsilon (εPKC) is a fundamental signaling pathway after ischemic preconditioning [95] . A role for mitochondrial uncoupling proteins as part of neuroprotective responses involved in preconditioning has also been proposed [11] .
Another key transcription factor involved in preconditioning-induced brain tolerance is the hypoxiainducible factor 1 [12] . In the case of hypoxia, HIF-1α proteasomal degradation is inhibited, resulting in HIF-1α stabilization and translocation to the nucleus. In the nucleus, HIF-1α recruits HIF-1β and modulates the expression of several target genes involved in angiogenesis, metabolism, apoptosis, and cell survival [11, 12] . Recent evidence also support a role for MicroRNA (small RNAs that function as regulators of post-transcriptional gene expression) as mediators and regulator of new protein synthesis in the brain's response to ischemic preconditioning [99] .
The subject of mitochondrial targets for ischemic preconditioning has been recently reviewed by Perez-Pinzon et al. [95] . In their comprehensive review, a detailed synthesis of mitochondrial targets for ischemic preconditioning is provided-ischemic preconditioning activates the adenosine A1 receptor, which then activates phospholipase C (PLC). Phosphatidyl inositol bis-phosphate is hydrolyzed by PLC forming diacylglycerol, a potent activator of protein kinase C isoforms, such as εPKC. εPKC, then, activates the ATPsensitive mitochondrial potassium channel. Transmembrane cycling of K + may slightly depolarize the mitochondrial inner membrane and decrease production of ROS. Ischemic preconditioning also alters NAD + /NADH levels, activating the sirtuin 1 (SIRT1) pathway, thus leading to a decrease of the uncoupling protein 2 [95] .
Whether or not mitochondrial preconditioning can be proposed as an effective neuroprotective strategy in the prevention of secondary ischemic injury after TBI needs to be extensively evaluated in the experimental and clinical setting.
Anesthetic Preconditioning
Because of their physiological effect on neuronal transmission, antagonism of excitatory neurotransmission, and potentiation of inhibitory neurotransmission, anesthetics have been considered logical candidates for neuroprotection and have been evaluated more than any other drug, class in the field of preconditioning, in ischemia.
Although specific studies on the role of anesthetic preconditioning in TBI are lacking, anesthetic drugs are widely used in clinical practice and can be easily tested both in the experimental and clinical setting for their putative preconditioning effect, in TBI models.
The possibility that administration of volatile anesthetic agents can produce myocardial preconditioning against myocardial ischemic injury was the first to be documented [100] , and is still undergoing investigations [101] .
Preconditioning and protection against ischemia-reperfusion in non-cardiac organs is also important to understand, especially in the brain. Preconditioning of the brain with pharmacologic agents against ischemic injury might be an attractive, fairly easily implemented strategy to reduce morbidity and mortality from ischemic brain damage especially during high-risk neurosurgical procedures, such as difficult large aneurysm, reconstruction, large tumors, vascular reconstruction, or spinal cord injury. This area deserves further investigation, especially if we consider that volatile anesthetics, because of their known cerebrovasodilation effect, are usually avoided in patients with compromised cerebral hemodynamics, increased intracranial pressure, and impending ischemia, as seen in severe TBI.
Proposed mechanisms of preconditioning with volatile anesthetics in the brain include induction of nitric oxide production, activation of adenosine triphosphate-sensitive potassium channels, and increases in intracellular Ca 2++ concentration in the brain. In a preconditioning model in which organotypic cultures of rat hippocampus were exposed to isoflurane for a 2-h period 24 h before an ischemia-like injury of oxygen-glucose deprivation, it was observed that isoflurane preconditions neurons in hippocampal slice cultures by mechanisms that seem to involve intracellular Ca 2++ and the MAP kinase-ERK pathway. Preconditioning was also associated with increased levels of the antiapoptotic protein kinase B [102] .
The neuroprotective effect of isoflurane is long lasting, being evident even 24 h after administration, and is inducible nitric oxide synthase (iNOS) mediated [103] . The downstream mediators through which iNOS-derived nitric oxide (NO) exerts its preconditioning effect have been recently investigated, with evidence that peroxynitrite, formed from iNOS-derived NO and nox2-derived superoxide, is a key factor in the mechanisms of the tolerance [104] .
Other investigations documented in vitro that xenon and sevoflurane preconditioning reduces the amount of neuronal cell death provoked by oxygen-glucose deprivation injury and increased cellular viability through an antinecrotic mechanism in a PI3K-dependent manner [105] . In vivo, the combination of xenon and sevoflurane provided longlasting neuroprotection, as measured by histologic and neurologic outcomes. Thus, volatile anesthetic preconditioning induces new genes and proteins, via intracellular signals and mediators, such as protein kinases and transcription factors, and PI3K is important also for volatile anesthetic postconditioning [105] . Whether this can only apply to ameliorate the consequences of perinatal and adult hypoxic-ischemic injury, or can also be extended to larger populations, such as severe TBI, need to be further investigated.
Hyperbaric Oxygen Preconditioning
Hyperbaric oxygen therapy can produce ischemic tolerance by preconditioning [106] . In an experimental study investigating the effects of high altitude on traumatic TBI and examining the neuroprotection provided by HBO preconditioning, it was observed that HBO pre-conditioning can attenuate TBI in rats at high altitude by improvement of regional cerebral blood flow and brain tissue oxygenation [107] .
Interestingly, in a study investigating the role of HBO in a mouse surgical brain injury model (partial brain resection), it was observed that HBO preconditioning provided protection against SBI by improving neurological outcomes and reducing postoperative brain edema [108] . Furthermore, HBO preconditioning attenuated COX-2 increase after SBI, probably via neuronal suppression of HIF-1a. Less COX-2 could result in lessened brain injury via reduced inflammation, oxidative cell death and apoptosis [108] .
Exercise Preconditioning
Physical and mental stressors are putative preconditioning stimuli in the arena of traumatic injury, with several important implications for "high TBI risk" activities, e.g., military combat and in aggressive contact sports, such as boxing, wrestling, and football.
Other than affecting other recognized risk factors such as body weight, blood pressure, serum cholesterol, and glucose intolerance, it has been increasingly observed that exercise per se can play an effective role in inducing endogenous neuroprotection directly against brain damage. This effect has been related to several mechanisms and, among these, an increased production of mRNA for neurotrophins (brainderived neurotrophic factor-BDNF-and nerve growth factor-NGF-) and increased angiogenesis [97] . Exercised ischemic rats demonstrated a highly significant 79 % reduction in infarct volume as compared with ischemic rats without exercise [73] . A significant increase in microvessel density and cellular expression of NGF and BDNF in cortex and striatum was detected in rats subjected to transient middle cerebral artery occlusion and preconditioned by treadmill exercise for 3 weeks prior to stroke [73] .
Although the putative neuroprotective role of exercise has not been fully investigated in experimental models of TBI, nevertheless, some interesting observations related to cerebral metabolic effects of exercise can be translated to the field of brain injury. A recent study [109] evaluated the effect of two different exercise regimens (forced versus voluntary exercise) on glycolytic proteins which play a significant role in cerebral metabolism (glucose transporter 1 (GLUT-1), glucose transporter 3 (GLUT-3), phosphofructokinase (PFK), lactate dehydrogenase (LDH), and 5-AMP-activated protein kinase (AMPK) [109] . In this study, it was observed that the forced exercise group had a significant increase in cerebral glycolysis, including expressions of GLUT-1, GLUT-3, PFK, LDH, phosphorylated AMPK activity, and HIF-1α, when compared to the voluntary exercise and the control groups [109] . The authors demonstrated that the two exercise regimens resulted in increased cerebral glycolysis in connection with HIF-1α upregulation, and this was more evident in the forced exercise regimen [109] . It was suggested that when hypoxia is combined with exercise, the resultant oxidative stress may play an important role in increasing HIF-1 expression. It was also observed that exercise with a stressful component is neuroprotective, while stress alone is not, suggesting a beneficial combination of physical activity in conjunction with induced stress [109] .
Other studies in rats subjected to ischemia and reperfusion, demonstrated a significant upregulation of HSP70 and pERK 1/2 after 3 weeks of exercise, and a significant reduction in neuronal apoptosis and brain infarct volume [110] . As observed also from heat stress preconditioning studies, this protein over-expressed in neurons may reduce neuronal apoptosis by upregulating the levels of several anti-apoptotic proteins and downregulating pro-apoptotic proteins [110] .
Interestingly, this positive preconditioning effect is long lasting and neuroprotection continued, even after 3 weeks of rest [111] . The multiple putative effects through which exercise preconditioning may affect brain homeostasis have been recently reviewed by Dornbos et al. [74] , and involve enhanced integrity of the neurovascular units, "strengthening" of the blood-brain barrier, angiogenesis, decreased inflammatory response, reduced neuronal apoptosis, increased metabolic capacity, upregulation of cerebral blood flow, glucose transport, glycolysis, and ATP production. All these mechanisms should be evaluated in the specific field of neurotrauma, for the possible enormous clinical implications.
Clinical Implications
Since the time of the Spartans (∼800 BC), human history has shown that small groups exercise and stress-"preconditioned" fighters have been much more effective than larger armies. It is tempting to speculate that modern boxing and other contact sportsmen derive neuroprotective benefit from their training regimes, which involve exercise, heat, and stress.
New biochemical detection approaches, such as serum biomarker measurement, may possibly shed light on this hypothesis. Whether our society is ready to specifically precondition volunteers who place themselves at high risk of TBI (such as soldiers and boxers) is unclear. The fact that, in the USA, helmet use for motorcyclists is voluntary in 20 states, suggests otherwise.
Conclusion
To reduce the impact of primary and secondary brain damage, the concept of preconditioning is highly attractive. Several different types of preconditioning have been described, such as cross, remote, immunological, pharmacological, anesthetic, mimetics, and effectors in many type of TBI models. The most robust preconditioning effect has been seen for ischemic pathophysiology. The ischemic mechanism also surely exists as the part of pathomechanisms in TBI, therefore, preconditioning strategies are clearly worth considering for further research in TBI.
